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The performance of ﬂash furnace burners can be evaluated quickly and eﬃciently using CFD modelling. Gas ﬂows are
modelled using the conventional Eulerian approach, while Lagrangian particle tracking is used to model the ﬂow of solid
feed through the burner and into the reaction shaft. A composite particle model has been developed that considers the solid
feed to be made up of single particles containing appropriate quantities of concentrate, ﬂux and dust. Solid fuels (such as
coal) can also be included in the composite particle. Reactions between the solids and gas are then modelled using standard
heat and mass transfer relationships. Results from the modelling process are shown for BHP-Billiton’s Olympic Dam cop-
per ﬂash smelter with the burner that was used from 1998–2003. Flow patterns, temperature and gas composition distri-
butions, particle dispersion and residence time, and overall extent of sulphur removal are predicted and used to evaluate
furnace performance. However, results are sensitive to the assumed size of the composite particles, and plant measurements
are required to determine the appropriate composite particle size to predict quantitative data.
Crown Copyright  2006 Published by Elsevier Inc. All rights reserved.1. Introduction
To accuratelymodel the combustion processes taking place within a ﬂash smelter it was necessary to develop a
separate model of ﬂash concentrate combustion that could be incorporated into the CFD packages in use at
CSIROMinerals. Initial development byKoh and Jorgensen [1] took place within the PHOENICS environment
for nickel ﬂash smelting. The model was then ported to CFX-4.1 and modiﬁed to investigate zinc ﬂash smelting
[2]. The current work was undertaken in 1998–1999 to investigate the capability of a new concentrate burner in
BHP-Billiton’s1OlympicDamSmelter copper ﬂash smelting shaft over a range of operating conditions. Thus the
sub-model was furthermodiﬁed to simulate the combustion in theOlympicDam copper ﬂash smelting shaft. The
burnermodelled in this workwas in operation from 1998 to early 2003. It has since been replaced by a new higher0307-904X/$ - see front matter Crown Copyright  2006 Published by Elsevier Inc. All rights reserved.
doi:10.1016/j.apm.2006.03.017
* Corresponding author.
1 Until acquired in mid-2005, this was known as WMC Olympic Dam Operations.
Nomenclature
a acceleration of particle, m/s2
Ap surface area of particle, m
2
Cp speciﬁc heat of gas at constant pressure, J/kg/K
Cpp speciﬁc heat of particle, J/kg/K
Dh hydraulic diameter of inlet, m
dp particle diameter, m
ep particle emissivity
Fp force on particle, N
g acceleration due to gravity, 9.81 m/s2
H enthalpy, J/kg
h heat transfer coeﬃcient, W/m2/K
k turbulent kinetic energy, m2/s2
kin turbulent kinetic energy at inlet
Ki mass transfer coeﬃcient of gas component i, kg/s/m
2
mp particle mass, kg
_mp;S transfer rate of sulphur from particle, kg S/s
Nu Nusselt number, Nu = h d/k
p pressure, Pa
Pr Prandtl number, Pr = Cpl/k
Qrad radiation source term, W
Qp heat transferred between gas and solids, W
QR heat source due to reactions, W
Re Reynolds number, Re = q u dp/l
T gas temperature, K
Tp particle temperature, K
_T p rate of change of particle temperature with time, K/s
Sc Schmidt number, Sc = l/qC
Sh Sherwood number, Sh = K dp/C
u mean velocity, m/s
u 0 ﬂuctuating velocity, m/s
V average inlet velocity
Xi source of gas species i, kg i/s
Yi mass concentration of gas species i, kg i/kg total gas
Z total mass ﬂow of oxygen to particle for Reaction Group C, kg O2/s
a mass ratio ‘‘S eliminated from CuSO4: total S eliminated’’ in Reaction Group B
b mass ratio ‘‘S eliminated: O consumed’’ in Reaction Group C
c mass ratio ‘‘O retained in particle as FeO: O consumed’’ in Reaction Group C
e turbulent dissipation rate, m2/s3
ein turbulent dissipation rate at inlet
U local radiative heat ﬂux, W/m2
C scalar diﬀusion coeﬃcient
k gas thermal conductivity, W/m/K
l gas viscosity, kg m/s2
q gas density, kg/m3
r Stefan–Boltzmann constant, r = 5.67 · 108 W/m2/K4
C.B. Solnordal et al. / Applied Mathematical Modelling 30 (2006) 1310–1325 1311capacity burner. In this paper the combustion sub-model is presented, together with somemodelling results deal-
ing with the performance of the smelter under high ﬂow rate and turn down conditions.
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The modelling work was performed using the conﬁguration of burners in operation at Olympic Dam in
1999 (Fig. 1). Concentrate, dust, ﬂux and oxygen-enriched air enter the reaction shaft through a central bur-
ner. Additional heat is provided by three oil burners positioned around the concentrate burner. The solids
react with oxygen in the reaction shaft; liquid metal and slag are deposited in the bath and gases and dust exit
through the settler. The geometry was symmetrical about its longitudinal axis, and was therefore modelled as a
symmetric half-slice.
3. Mathematical model formulation
The ﬂow domain to be modelled consists of three phases: a gas phase, an initially solid particulate phase
representing the concentrate, dust and ﬂux fed to the furnace, and a liquid droplet phase representing the fuel
oil injected to provide additional heat to the furnace. The mathematical model treats the gas phase as an Eule-
rian continuum, whilst both the solid feed and oil drops are modelled as discrete particles, tracked through the
continuum using Lagrangian particle tracking techniques. Heat and mass are transferred between the partic-
ulates and continuum as reactions take place.
3.1. Eulerian conservation equations
To calculate the gas ﬂow ﬁeld, the model solves the Reynolds averaged Navier–Stokes equations for steady
state incompressible ﬂow, together with the energy equation, Eqs. (1)–(3)r  ðquÞ ¼
X
i¼1;n
X i; ð1Þ
r  ðquuÞ ¼ rp þ qgþr  lrur  ðqu0u0Þ; ð2Þ
r  ðquHÞ ¼ r  krT  Qrad  Qp  QR. ð3ÞIn Eq. (1),
P
Xi is a source term representing the nett mass transferred between the particulate and gas phases,
where Xi is the source of gas component i, and Xi > 0 represents transfer of i to the gas. High temperature
ﬂows such as those experienced within the ﬂash smelter reaction shaft are strongly inﬂuenced by buoyancy,
so the buoyancy source term, qg, is included in Eq. (2). Additional heat is transferred to the gas via radiation
(modelled using the technique of Lockwood and Shah [3]), while heat is also transferred between the gas and
particulate phases, and is generated by both gas and solid reactions. Thus the enthalpy source terms Qrad, Qp
and QR are included in Eq. (3). Q > 0 represents heat transfer from the gas. All terms are deﬁned in the
Nomenclature.
Additional scalar equations (4) are used to calculate the distribution of gas species (namely C12H22, O2,
SO2, CO2, H2O) throughout the reaction shaft. In Eq. (4), Yi and Xi represent the mass concentration and
sources of gas species i, respectively.oil burners
Concentrate
burner
Reaction
shaft
settler
exit
1.0 m
3.13 m4.8 m
5.8 m
Fig. 1. Schematic diagram of geometry.
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To provide closure to Eqs. (1)–(4) the standard k–e model of Launder and Spalding [4] was used.
3.2. Lagrangian particle tracking
Both the solid feed and fuel oil were modelled by tracking a small number of individual particles through
the continuum ﬂuid. Following Clift et al. [5], for each particle or droplet, Newton’s second law is applied to
the particle: Fp = mpa. The force Fp on the particle is made up of drag and buoyancy components. The mass of
the particle, mp, as well as its temperature, Tp, varies with position as chemical reactions take place.
Heat is transferred between the particle and gas by convection and radiation, according to Eq. (5)Qp ¼ AphðT  T pÞ þ eppd2pðU rT 4pÞ. ð5ÞIn Eq. (5) U is the local radiative heat ﬂux, and h is the heat transfer coeﬃcient for a sphere, deﬁned by Ranz
[6] in Eq. (6):Nu ¼ hdp
k
¼ 2þ 0:6Re0:5Pr1=3: ð6ÞWhere reactions between solid and gas are mass transfer controlled, similar equations are used to determine
the sources of mass:X i ¼ ApKð0 Y iÞ ¼ ApKY i; ð7Þwhere K is the mass transfer coeﬃcient for a sphere, determined by Froessling [7] in Eq. (8):Sh ¼ Kdp
C
¼ 2þ 0:6Re05Sc1=3. ð8ÞOil droplets were simulated using a total of 60 particle tracks, while solid feed particles were represented by a
total of 1200 particle tracks. Turbulent dispersion of particles was included in the simulation since the particles
themselves were small (of the order of 30 lm) and hence strongly inﬂuenced by the local gas turbulence. Sim-
ulation of particle turbulent dispersion was achieved using the stochastic process of Gosman and Ioannides [8]
whereby each particle track was randomly deviated from its calculated path based on the local gas turbulence
intensity.
3.3. Flash furnace feed combustion
CFX-4 did not allow the simultaneous tracking of solid ﬂash furnace feed particles and oil droplets, so the
authors developed individual tracking routines [1,2]. The ﬂash furnace feed combustion sub-model assumed all
solid material (concentrate, ﬂux and dust) entered the ﬂow domain in composite particles containing the three
components. The composite particles undergo a series of reactions, the speed of which depends on the tem-
perature, composition of the particle, and the composition of the gas surrounding the particle. The sub-model
was tailored to the chemistry of the Olympic Dam ﬂash furnace feed shown in Tables 1 and 2.
During passage down the reaction shaft the composite particles receive heat from the gas and the individual
minerals attain their ignition temperatures and commence combustion [9]. In order to simplify the chemistry
of the system the main reactions were identiﬁed and grouped as shown in Table 3. It was further assumed that
reactions within the particles (Reaction Groups A–C) take place at a given temperature: either 500 C, 670 C
or above 800 C.
The smelting process involves oxidation of sulphur and iron present in the concentrate. A graphical repre-
sentation of the particle temperature and the degree of sulphur removal is shown in Fig. 2. Further particulars
are given as follows:
Tp < 500 C: Solid particles do not change in composition. They receive heat from the gas phase in accor-
dance with Eq. (5). The rate of change in particle temperature is determined using Eq. (9):
Table 1
Nominal concentrate, dust and ﬂux compositions
Concentrate Dust Flux
Average grade Low grade High grade
Cu:S 1.6 1.4 2.2 2.5 –
Cu (wt%) 45.9 41.3 55.6 35.8
S (wt%) 28.7 29.7 24.8 14.4
Fe (wt%) 20.1 23.4 15.6 13.7 0.8
SiO2 (wt%) 3.1 3.1 2 2.6 93.0
Al2O3 (wt%) 0.6 0.6 0.6
CaO (wt%) 0.1 0.1 0.1
U3O8 (g/t) 250 250 250
Other (wt%) 33.5 6.2
Table 2
Mineralogical composition of concentrate and dust
Concentrate grade (wt%) Dust (wt%)
Ave Low High
Chalcopyrite CuFeS2 40.18 54.75 8.43 –
Bornite Cu5FeS4 31.32 21.42 39.98 –
Chalcocite Cu2S 0.00 0.00 17.6 5
Covellite CuS 16.8 12.04 23.2 –
Pyrite FeS2 1.9 1.9 1.9 –
Hematite Fe2O3 5.0 5.0 5.0 –
Silica SiO2 3.1 3.1 3.1 –
Copper Cu 1.0 1.0 1.0 –
Lime CaO 0.1 0.1 0.1 –
Alumina Al2O3 0.6 0.6 0.6 –
Fayalite Fe2SiO4 – – – 8
Cuprospinel CuFe2O4 – – – 7
Copper sulphate CuSO4 – – – 67
Cupric oxide CuO – – – 9
Table 3
Reactions occurring within the ﬂash furnace solid feed (Reaction Groups A–C) and gases (Reactions D and E)
Reaction Group A at 500 C
2CuS ¼ Cu2Sþ 0:5S2
2CuFeS2 ¼ Cu2Sþ FeSþ 0:5S2
FeS2 ¼ FeSþ 0:5S2
9>=
>;DHR500 ¼ þ4:66 10
6 J=kg S consumed
Reaction Group B at 670 C
2Cu5FeS4 ¼ 5Cu2Sþ 2FeSþ 0:5S2
CuSO4 ¼ CuOþ SO2 þ 0:5O2

DHR670 ¼ þ8:37 106 J=kg S consumed
Reaction Group C at >800 C
2CuOþ Cu2S ¼ 4Cuþ SO2
Cu2SþO2 ¼ 2Cuþ SO2
FeSþ 1:5O2 ¼ FeOþ SO2
Fe2O3 ¼ 2FeOþ 0:5O2
9>>=
>>;
DHR800 ¼ 5:57 106 J=kg S consumed
Reaction D 0.5S2 + O2 = SO2 DHSO2 ¼ 1:13 107 J=kg S consumed
Reaction E C12H22 + 17.5O2 = 12CO2 + 11H2O DHC12H22 ¼ 4:57 107 J=kg C12H22
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Fig. 2. Diagramatic representation of the behaviour of the composite particle during combustion.
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Qpart
mpCpp
. ð9ÞTp = 500 C: Once a particle reaches 500 C, covellite (CuS), chalcopyrite (CuFeS2) and pyrite (FeS2)
decompose according to Reaction Group A in Table 3. These reactions liberate labile sulphur (S2) from
the particle, and the decomposition reactions are endothermic (see Table 3). As heat is transferred to the par-
ticle (in accordance with Eq. (5)) it is used to liberate labile sulphur from the particle at a rate equal to _mp;S
(Eq. (10)), where _mp;S < 0 implies liberation of mass from the particle_mp;S ¼
Qp
DHR500
. ð10ÞIn Eq. (10), DHR500 is determined from the heats of decomposition of CuS, CuFeS2 and FeS2 appropriately
weighted in proportion to their respective presences in the composite particle, and its value is given in Table 3.
Tp remains constant at 500 C while labile sulphur is transferred to the gas phase and reacts with oxygen to
form SO2. This reaction then liberates heat to the cell containing the particle according to Reaction D (Table
3). The rates of generation of SO2 and consumption of O2 used in Eq. (4) are given in Eq. (11), while the
enthalpy source from Reaction D is given in Eq. (12)X SO2 ¼ 2 _mp;S; XO2 ¼ _mp;S; ð11Þ
QR ¼ _mp;SDHSO2 . ð12ÞThe model assumes that the particle temperature cannot rise above 500 C until the Group A reactions are
complete.
500 C < Tp < 670 C: Behaviour is identical to that for Tp < 500 C.
T = 670 C: At 670 C the bornite (Cu5FeS4) in the concentrate, together with the copper sulphate (CuSO4)
and small amounts of cuprospinel (CuFe2O4) in the recycle dust decompose according to Reaction Group B
(Table 3). In this case labile sulphur and small amounts of O2 and SO2 are liberated from the composite par-
ticle to the gas. The decomposition reactions are again endothermic and sulphur is liberated from the particle
at a rate speciﬁed in Eq. (13)_mp;S ¼
Qp
DHR670
. ð13ÞIn Eq. (13) DHR670 is determined from the heats of decomposition of CuSO4, Cu5FeS4 and CuFe2O4 appro-
priately weighted in proportion to their respective presences in the composite particle. This new value of _mp;S
can be used in Eq. (11) to calculate the rates of production of SO2 and consumption of O2 for the Group B
reactions. However the heat of combustion as calculated by Eq. (12) needs to be modiﬁed since not all of the
SO2 resulting from the Group B reactions arises from the combustion of labile sulphur. Accordingly the heat
of reaction (Eq. (14)) is modiﬁed by a factor (1  a) where a is the amount of sulphur in the particle as CuSO4
divided by the total sulphur consumed by the Group B reactions. The value of a depends upon the composi-
tion and relative proportions of concentrate and dust. For the average compositions shown in Table 2 com-
bined with 10% dust, a = 0.573
1316 C.B. Solnordal et al. / Applied Mathematical Modelling 30 (2006) 1310–1325QR ¼ ð1 aÞ _mp;SDHSO2 . ð14Þ670 C < T < 800 C: Behaviour is identical to that for Tp < 500 C.
TP 800 C: At 800 C the chalcocite (Cu2S) and ferrous sulphide (FeS) in the particle undergo further
reaction with oxygen. In this case the reaction proceeds according to Reaction Group C (Table 3) and is lim-
ited by the diﬀusion of oxygen to the surface of the particle, Z (see Eq. (15)), where it is assumed the partial
pressure of oxygen at the surface is zeroZ ¼ ApKO2Y O2 . ð15ÞThe rate of mass transfer of SO2 and O2 between gas and particle are expressed in Eq. (16), where c is the
proportion of oxygen entering the particle that reacts with FeS and is thus retained in the particle as FeO,
and b is the mass ratio ‘‘sulphur leaving the particle in SO2: oxygen entering the particle’’. Both c and b
are dependent on the composition and relative quantities of concentrate and dust in the particle. For the aver-
age concentrate composition and 10% dust level c = 0.191 and b = 0.836. In Eq. (16) bZ represents the mass
ﬂux of elemental sulphur leaving the particle (as a component of SO2), (1  c)Z is the mass ﬂux of oxygen
leaving the particle (as a component of SO2), and cZ is the mass ﬂux of oxygen leaving the gas and being
retained in the particle as FeOX SO2 ¼ bZ þ ð1 cÞZ; XO2 ¼ cZ. ð16Þ
Reaction Group C is exothermic and produces heat within the particle, the rate of heat release per particle
being given by Eq. (17)Qp ¼ bZDHR800. ð17Þ
In Eq. (17), bZ represents the mass ﬂux of elemental sulphur leaving the particle, and DHR800 is deﬁned in
Table 3 as heat release per kilogram of sulphur eliminated. The temperature of the particle, Tp, is then calcu-
lated using Eq. (5). Once all Group C reactions are complete (i.e. all sulphur has been eliminated from the
particle) the reactions cease and no further particle mass changes take place. However, temperature changes
may still occur in the particle as it moves through the gas phase, in accordance with Eq. (5).
The model presented in this work only considers reactions occurring within the gas space of the reaction
shaft. Bath reactions, as well as sulphation reactions occurring in the gas space of the waste heat boiler,
are not modelled.
3.4. Oil combustion
The coding of the oil combustion submodel utilised the eddy break-up model resident in CFX4, but allows
simultaneous calculation of both oil and composite particle combustion. Oil droplets enter the ﬂow domain at
ambient temperature but rapidly heat to vapourisation temperature. The fuel oil used is a mixture of diesel and
waste oil with the approximate chemical composition C12H22. The combustion reaction is shown as Reaction
E in Table 3. The oil vapour reaction rate was determined by chemical kinetics in conjunction with the eddy-
breakup combustion model. Only the forward reaction is modelled with the rate constant being determined
from an Arrhenius expression. All heat from the oil combustion is released to the furnace in the products
of combustion and by radiation and convection.
3.5. Numerical scheme
Solution of the preceding equations by analytical techniques is not possible. To solve the equations and
obtain the ﬂow ﬁeld, temperature and gas species concentration distributions the commercial CFD code,
CFX4.1 was used [10]. CFX solves Eqs. (1)–(4) using the ﬁnite volume method on a co-located body ﬁtted
grid. To avoid chequer-board oscillations in the pressure ﬁeld, the Rhie and Chow [11] interpolation proce-
dure was used. Coupling between pressure and velocity was achieved using the SIMPLEC algorithm, which
is a modiﬁed form of the SIMPLE algorithm and is described elsewhere [10,12]. The weakly compressible
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Further details of the solution procedure are given by AEA Technology [10].
3.6. Boundary conditions
3.6.1. Inlets
The concentrate and oil burners were modelled as Dirichlet boundaries. Velocity and temperature condi-
tions are speciﬁed in Table 4.
Turbulence quantities were estimated at the inlets using empirical functions of the inlet hydraulic diameter
(see Eqs. (18) and (19)), as recommended by AEA Technology [10]. Such estimates are valid for small inlets
into a large ﬂow domainTable
Nomin
Input
Conce
Dust
Flux
Chute
Combu
Oil
Oil comkin ¼ 0:002V 2; ð18Þ
ein ¼ k1:5in =ð0:3DhÞ. ð19Þ3.6.2. Walls
All solid surfaces such as the shaft wall and roof were modelled as no-slip wall boundaries. The bath surface
was also modelled as a wall boundary, since the motion of the bath was not signiﬁcant compared to the gas
ﬂow. The shaft roof temperature was speciﬁed as 1000 C, while the shaft and settler walls and bath surface
had a temperature of 1500 C. Some surfaces of the concentrate burner had a zero heat ﬂux boundary con-
dition, while the cooled components were held at a constant temperature of 40 C.
3.6.3. Outlet
Only one outlet boundary was present in the geometry, which corresponded to the outﬂow through the set-
tler. A constant pressure boundary condition was speciﬁed so that all gradients perpendicular to the boundary
were zero.
3.7. Grid
The body-ﬁtted grid used consisted of approximately 50000 elements. Higher concentrations of cells were
used around the concentrate burner, while cell density decreased down the reaction shaft and radially out from
the shaft centreline. Fig. 3 shows a surface plot of the grid in the upper region of the symmetry plane.
3.8. Convergence techniques
In order to achieve convergence it was necessary to approach the solution in several steps. Initially an iso-
thermal solution to the gas phase ﬂow ﬁeld was obtained. Then oil droplets were injected and the combustion
of oil simulated. Composite concentrate particles were then added, with their mass ﬂow rate gradually
increased to the required mass ﬂow rate of the run. By approaching the solution in this stepwise manner, a4
al inlet conditions to main ﬂow streams
stream Inlet Flow rate O2 concentration Temperature (C)
ntrate Conc chute 70000 kg/h – 60
Conc chute 7000 kg/h – 45
Conc chute 5000 kg/h – 20
gas Conc chute 0.21 60
stion gas Comb entry 33866 N m3/h 0.5 40
Oil burner 80 l/h/burner – 60
bustion gas Oil burner 550.33 N m3/h/burner 0.21 40
Fig. 3. Grid in symmetry plane in the upper two-thirds of the reaction shaft.
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100 h using a Sun UltraSPARC 4000 with 167 MHz CPU.
Once a stable solution existed for the base case of operating conditions, it was a relatively simple process to
modify the solids rate or particle size, and a new converged solution obtained. Typically CPU times to achieve
a new solution were of the order of 24 h.
4. Results
The conditions under which simulations were performed are summarised in Table 5. Runs 1 and 2 use the
same conditions summarised in Table 4, while Runs 3 and 4 use lower and higher concentrate ﬂow rates,
respectively.
4.1. Nominal ﬂow conditions: Run 1
4.1.1. Reaction shaft ﬂow patterns
Fig. 4 shows the velocity vector plot for Run 1 in the symmetry plane. The central jet spreads only mar-
ginally as it travels down the reaction shaft, and recirculation zones are established on both sides of the jet.
There is a slight displacement of the jet towards the settler, due to the ﬂow exiting the shaft in that direction.
The vector plot also shows the location of the oil burner in the symmetry plane, which joins the central jet of
concentrate approximately 2–3 m down the reaction shaft.
Fig. 5 shows a single slice through the reaction shaft, 0.8 m below the shaft roof. In this ﬁgure the horizon-
tal component of velocity is shown using vectors, while regions of rising and descending ﬂow are shown using
coloured contours. At this level in the shaft gases rise up the wall opposite the setter (left), then ﬂow across theTable 5
Inlet conditions for the four computational modelling runs
Run Solids rate (tph) cons/dust/ﬂux Cons grade Total O2 ﬂow rate (N m
3/h) Oil rate (1/h/burner) Particle size (lm)
1 70/7/5 Ave 17500 80 30
2 70/7/5 Ave 17500 80 20
3 40/4/2 High 8857 300 30
4 100/10/9 Low 26673 0 30
Fig. 4. Velocity ﬁeld in symmetry plane for Run 1.
Fig. 5. Full slice through the reaction shaft 0.8 m below the shaft roof, Run 1.
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The ﬂames from the two oﬀ-centre oil burners have been pushed in the direction of the settler by the bulk
gas in the shaft, leading to the asymmetric location of the plume. Fig. 6 shows an isosurface of constant speed
in the reaction shaft that further demonstrates this behaviour.Fig. 6. Isosurface of constant speed (7 m/s) coloured by temperature. Run 1.
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Fig. 7 shows the distributions of temperature and O2 in the symmetry plane, as well as the predicted par-
ticulate behaviour. Fig. 7(a) shows the temperature distribution in the furnace. Both the concentrate plume
and oil jet are well deﬁned. The oil ﬂame is the hottest part of the furnace (1865 C) while the centre of the
concentrate jet remains relatively cool until it reaches the bottom of the reaction shaft. Concentrate heats
up (and reacts) from the outside of the jet. The cool region narrows as the bath surface is approached. How-
ever, it is predicted that temperatures below 600 C prevail down the reaction shaft.
The volume concentration of O2 is shown in Fig. 7(b). At the gas inlet the oxygen volume fraction is 0.5.
The oxygen in the gas stream reacts with the concentrate and generates SO2. Suﬃcient oxygen is supplied to
the furnace to allow sulphur in the concentrate to completely combust. The far ﬁeld oxygen concentration is
zero indicating that all oxygen has been consumed and all sulphur has therefore been removed from the con-
centrate (Fig. 7(f)).
Fig. 7(c) shows 200 of the 1200 concentrate particle tracks, colour-coded with the degree of sulphur
removed from the particle. The concentrate particles only start to react as they move out of the cool regionFig. 7. Temperature, and O2 distributions for Run 1, together with concentrate particle characteristics.
Fig. 8. Temperature distributions and degree of sulphur removal for Runs 1 and 2.
C.B. Solnordal et al. / Applied Mathematical Modelling 30 (2006) 1310–1325 1321of the central plume. Also, all of the particles end up completely reacted (red).2 Several of the particle tracks
continue out the settler (as dust), while some recirculate within the reaction shaft. Calculation of the particle
tracks took the greatest amount of computational time, and hence a time limit of 1.0 s was imposed on each
track. Therefore, much of the particle recirculation in the shaft is not shown.
Fig. 7(d) and (e) shows characteristics of a selection of particle tracks as they travel down the reaction shaft.
On each graph there are two horizontal dashed lines. The line at 0 m from the shaft roof represents the shaft
roof itself, while the line at 5.8 m from the shaft roof represents the settler roof. The graphs end 6.8 m from the
shaft roof, which is the level of the bath surface. Fig. 7(d) shows the particle elapsed time in the reaction shaft.
Most particles have reached the bath surface within 0.25 and 0.50 s. Fig. 7(e) shows the temperature of par-
ticles as they travel down the reaction shaft. Each particle heats up relatively quickly once it starts to combust,
and individual particles are shown to completely react within about 1 m once they commence reaction. How-
ever, the distribution of particle temperatures further indicates that it is the outside particles that react and not
until they have reacted do the innermost particles get the opportunity to react. Fig. 7(f) shows the average
removal of sulphur from all concentrate particles. The total sulphur removed is predicted to be greater than
99%. However, this prediction is based on the assumption of concentrate particles having a constant initial
diameter of 30 lm. The presence of larger particles will reduce the degree of reaction. Conversely, smaller par-
ticles will react faster than predicted.
4.2. Variation in assumed composite particle size: Run 2
The nominal conditions modelled in Run 1 assumed the composite particle to have a constant size of 30 lm.
Little is known about the true particle size distribution of the solids feed and it is believed that much of the
concentrate is agglomerated as it is dispersed within the reaction shaft [13,14]. However, since the majority of
the primary particles are less than 30 lm in diameter, it was decided to investigate the eﬀect of decreasing the
particle size to a constant value of 20 lm. The results are shown in Fig. 8.
Fig. 8(a) shows the temperature distribution for Run 2. The concentrate plume is substantially shorter when
using a composite particle size of 20 lm (c.f. Fig. 7(a)), suggesting that the smaller particles are reacting faster.
The low thermal mass of the smaller particles allows them to heat up and ignite more quickly, while their
greater surface area also increases reaction rate. The extent of reaction is shown in Fig. 8(b) for both Runs
1 and 2. The 20 lm particles allow the complete removal of sulphur from the concentrate within 5.5 m of
the shaft roof, which is considerably faster than for the 30 lm particles.
Since the results predicted by the model are dependent on concentrate particle size and the actual size dis-
tribution is not accurately known, results are used for observing variational trends rather than for providing
absolute predictions of burner/shaft behaviour.2 For interpretation of colour in Fig. 7, the reader is referred to the web version of this article.
1322 C.B. Solnordal et al. / Applied Mathematical Modelling 30 (2006) 1310–13254.3. Variation in feed rate: Runs 3 and 4
Runs 3 and 4 investigated the eﬀect of varying the feed rate of concentrate into the reaction shaft. As the
rate of concentrate was changed, so too was the concentrate grade. At the lower concentrate rate a greater
quantity of supplementary heat was required and consequently the ﬂow rates to the oil burners were increased
(Table 5). At the high concentrate rate the reaction was theoretically autogenous (assuming all concentrate
combusts) and so the oil burners were turned oﬀ. The oxygen ﬂow rate through the concentrate burner
was adjusted to ensure stoichiometric requirements for complete combustion of the concentrate were met.
The temperature distributions in the reaction shaft for Runs 1, 3 and 4 are shown in Fig. 9(a)–(c). The
plume with 40 tph concentrate (Run 3, Fig. 9(a)) is substantially smaller than for 70 tph concentrate (Run
1, Fig. 9(b)). Also, the oil ﬂame is hotter and longer, and the reaction shaft is slightly higher in temperature.
The temperature proﬁle for 100 tph concentrate (Run 4, Fig. 9(c)) is considerably cooler and the concentrate
plume jets rapidly to the bath surface. The model predicts the combustion gas to jet towards the bath surface
without heating up above 200 C. Such behaviour may cause an accumulation of solid concentrate on the bath
surface, and even local freezing of the bath.
The extent of reaction as a function of distance below the shaft roof is shown in Fig. 10 for the three
concentrate feed rates, and the poor extent of reaction at 100 tph is shown. At 40 tph concentrate rate the
entire feed is fully reacted by approximately 6 m below the shaft roof. For the nominal ﬂow rate of 70 tphFig. 9. Temperature distributions and particle residence times for Runs 3, 1 and 4.
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100 tph concentrate less than 60% of the concentrate has reacted before hitting the bath surface.
Fig. 9(d)–(f) shows the residence time of particles under the three conditions of concentrate feed rate. There
is only a small diﬀerence in residence time between the 40 tph and 70 tph feed rates, each being approximately
0.3–0.5 s. However, at 100 tph the residence time of most particles is signiﬁcantly shorter at 0.2–0.3 s. This
result suggests that the initial velocity of the combustion gas, as well as the ﬂow rate of gas and solids, controls
the residence time of the concentrate particles.
5. Discussion
5.1. Variation in concentrate particle size
The concentrate particle size has a signiﬁcant eﬀect on the rate of reaction occurring in the reaction shaft.
This is because the reaction rate is dependent on the surface area available for heat transfer and reaction
between gas and solid, and small particles have a signiﬁcantly greater surface area per unit mass of
concentrate.
Although particle size distributions can be measured for a given sample of concentrate, the resultant dis-
tribution will depend greatly on the conditions under which it is determined: from a wet or dry analysis, or
in suspension. The presence of ﬂux and dust in the feed will also alter the distribution, especially ﬂux which
has an average particle size one order of magnitude greater than the concentrate and dust. Jorgensen [15] has
shown that agglomerates may exist in the shaft due to poor dispersion of concentrate, while Debrincat et al.
[13,14] have demonstrated the high propensity of ﬂash furnace concentrate to resist dispersion even in a highly
turbulent dispersing environment. Thus it is diﬃcult to give an estimate of the particle size distribution of the
feed stream entering the reaction shaft, or indeed specify how that distribution may vary in the shaft.
At this stage the distribution of concentrate particle size in the reaction shaft is probably the biggest
unknown in the ﬂash furnace modelling problem, and given the number of variables governing its value, a
constant value for composite particle size of 30 lm was considered the best approach. By decreasing this to
20 lm it was possible to gauge the amount of change the assumed particle size has on the predicted results.
As shown in Fig. 8, the size of the combustion region beneath the burner was signiﬁcantly reduced when a
particle size of 20 lm was assumed. Also, the same quantity of concentrate was fully reacted approximately
1.5 m further up the reaction shaft when assuming the smaller particle size. These results give an indication
of how sensitive the predicted furnace behaviour is to the assumed composite particle size, and it is recom-
mended that plant measurements be taken in order to tune this parameter so that quantitative results can
be obtained.
5.2. Variation in concentrate feed rate
Runs 3 and 4 demonstrated the eﬀect of varying the concentrate feed rate. At the low feed rate it was pos-
sible for all the sulphur to be removed from the concentrate within the reaction shaft (Fig. 10). The results
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centrate is greater at the lower feed rates (Fig. 9), which would allow particles more time to fully react.
The predicted behaviour for Run 4 suggests that the furnace would not run at feed rates of 100 tph. Fur-
thermore, at 70 tph concentrate feed rate there is only just enough height in the shaft to allow full sulphur
removal, suggesting that any increase in feed rate will result in decreased eﬃciency.
One aspect of the high feed rate case (Run 4) thatmay limit performance is that the gas velocity through the bur-
ner had to be increased to 153 m/s (from 100 m/s) to allow enough oxygen into the furnace. Fig. 9(f) shows that
the high velocity reduces the residence time of the concentrate, which consequently limits the extent of reaction.
5.3. Model limitations
As with all mathematical models, the predictions of the model are only as good as the assumptions made in
modelling the process. In the current work several limitations were identiﬁed with the methods used, the most
signiﬁcant of which is the assumed composite particle size distribution (which has already been discussed).
Other points to consider are:
• Wall boundary conditions. All furnace walls were assumed to have constant temperatures. In some simula-
tions (Fig. 9(c), for example) the furnace and settler walls are clearly at a higher temperature than the gas,
and the assumed constant temperature of the walls is incorrect. In particular, this result means that heat is
being predicted to ﬂow into the reaction shaft from the shaft wall, whereas on the actual plant cooling jack-
ets are required to remove excess heat from the shaft. A better modelling approach would be to use furnace
jacket heat losses to specify a heat ﬂux boundary condition at the wall.
• Bath surface boundary conditions. Similar problems occurred from specifying the bath surface to be at a
constant temperature of 1500 C. Again Fig. 9(c) provides an extreme example where cool gases (approx-
imately 200 C) from the concentrate burner are predicted to jet onto the bath surface, but the gas temper-
ature artiﬁcially elevates as it approaches the bath surface. An accurate model of the transfer of heat away
from this localised surface would be complex.
• High solids loading around the burner. The solid particles are tracked through the gas using a Lagrangian
approach. One assumption of this approach is that the concentration of solids is negligible. However, in
the high solids region and around the solids chute this assumption is not valid. It was therefore not possible
to simulate the ﬂow within the solids chute, and the initial velocity of solids at the exit was determined
experimentally.
6. Conclusions
A ﬂash furnace concentrate combustion sub-model, previously developed by Koh and Jorgensen [1], has
been successfully applied to the copper ﬂash furnace at Olympic Dam. The ﬂow ﬁeld and reactions occurring
within the reaction shaft have been simulated. The following observations were made:
• Flow patterns under nominal operating conditions of 70 tph concentrate are not axisymmetric in the reac-
tion shaft. The central jet is displaced toward the settler exit, as are the ﬂames from the oil burners. The
region of concentrate combustion is conﬁned to the central jet of combustion gas, and is kept well away
from shaft walls.
• The predicted reaction behaviour is strongly aﬀected by the solids particle size that is assumed.
Assuming the composite particle size is constant at 30 lm:
• Solids feed rate greatly aﬀects the performance of the furnace, both in terms of degree of sulphur removal
and furnace temperature. At a concentrate feed rate of 40 tph all sulphur is predicted to be removed from
the concentrate, whereas at 100 tph only 60% of the sulphur is removed and plume temperatures drop.
Large quantities of unreacted concentrate and cool gas jet onto the surface of the bath.
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increase in feed rate will lead to decreased burner/shaft performance.
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